Summary
Summary

24
• Arctic ecosystems are strongly nutrient limited and exhibit dramatic responses to 25 nitrogen (N) enrichment, the reversibility of which is unknown. This study uniquely 26 assesses the potential for tundra heath to recover from N deposition and the influence 27 of phosphorus (P) availability on recovery.
28
• We re-visited an experiment in Svalbard, established in 1991, in 
30
"low" and "high") for 3-8 years. We investigated whether significant effects on 31 vegetation composition and ecosystem nutrient status persisted up to 18 years post-32 treatment.
33
• Although the tundra heath is no longer N saturated, N treatments effects persist and 34 are strongly P-dependent. Vegetation was more resilient to N where no P was added,
35
although shrub cover is still reduced in low N plots. Where P was also added (5 kg P 
Materials and Methods
145
Site description 146 We utilised our previous nutrient addition experiment, established in 1991, approximately 1.5 147 km east of Svalbard (78° 54' 56" N 11° 58' 22" E) in two dwarf shrub heath 148 types; one dominated by Cassiope tetragona (L.) D. Don., the other by Dryas octopetala L.
149
Treatment plots (1.5 x 1.5 m) were selected to be representative, to contain the dominant 150 shrub and >25 % vegetation cover, and treatments were allocated randomly. Cassiope plots 151 were treated from 1991-1993 (with 60% treatment in 2000) and Dryas plots from 1998; no further treatments have been applied since. Full details of the experiment are in 153 Baddeley et al. (1994) and Gordon et al. (2001) and Table 1 provides a summary of the 154 treatments applied, recovery periods and timing of measurements. with a small additional input (<10 %) from dry deposition, and has 162 not shown any trend over time since this experiment was established (Kühnel et al., 2011; 163 Björkman et al., 2013) .
165
We re-visited the site during the growing season of 2011, 13 and 18 years after the initial 166 treatment periods on the Dryas and Cassiope heaths respectively. The treatment plots were 167 relocated using original plot maps and marker posts, most of which were still in place. To 168 assess recovery, vegetation in plots which previously received fertiliser was compared with 169 that in control plots. We consider the vegetation to have recovered when significant treatment 170 effects on a parameter (e.g. plant tissue nutrient content) which were apparent during or 171 shortly after treatment, are no longer detectable in 2011. For many parameters, qualitative 172 comparison was also made with data from the end of the treatment period. Due to the 173 different histories of the experiment on the two heath types (Table 1) were dried (65°C for 3 days) then milled using a ball-mill (Retch MM100). Sub-samples (100 189 mg) were digested using sulphuric acid/ hydrogen peroxide digestion (Allen, 1989) and 190 analysed colorimetrically for total N and P using flow injection analysis (Foss Tecator 191 FIAstar 5000).
193
We also present previously published tissue nutrient data from 1993 (Baddeley et al., 1994 ) 194 and 1998 (Gordon et al., 2001 and unpublished data from 1996 and 2000, which were all 195 obtained following the same methods. Samples were collected at a similar time in each year
196
(between second week of July and first week of August).
198
Nitrate reductase activity 199 We measured moss nitrate reductase activity (NRA) as an indicator of N demand. On 9P (depending on year), both with 24 h light, for at least 24 h prior to assay. Several shoots were 207 used in each assay (c. 50-100 mg dry wt); these were vacuum infiltrated in 5 ml of 75 mM 208 KNOR 3 R in 100 mM phosphate buffer (pH 7.5) with 0.75 % propan-1-ol, and incubated in the Table 3 ). In 1998 bryophyte abundance
293
in Dryas plots receiving both nutrients was approaching double that in control plots, but by had also been added, and the low N treatment also resulted in a strong reduction in cover 304 compared to the control (Fig. 3a) . In high N plots there has been no re-establishment of C.
305
tetragona. At the low N addition rate (with and without P) there is some indication of 306 increased cover between 1995 and 2011, but it was still significantly lower than in control 307 plots in 2011 (Tukey HSD, P < 0.01) ( Table 3 ).
324
Immediately after 8 years of treatment (1998), Dryas heath moss tissue P concentration was 345 elevated over fourfold by P addition, and c. sixfold by the addition of N with P, compared to 346 control moss (Fig. 4e) . On Cassiope heath, 7 years after three years of treatment (2000),
347
tissue P concentration was doubled in moss which had received P, compared to controls, but 348 not influenced by N treatment (Fig. 4g ). In 2011, on both heath types, tissue P concentration 349 was still significantly increased, by c. twofold overall, in moss which had received P, but was 350 now less elevated where N had been applied in combination with P (Fig. 4f,h ). Thus the 351 influence of P addition on tissue P appears to have stabilised in the early years after treatment 352 and persists, whilst the influence of N addition on moss which had received both nutrients has 353 switched over time from increasing tissue P to decreasing it.
355
At the end of treatment of the Dryas heath, moss which had not received P had a tissue N:P 356 ratio around 8, whilst moss which had received P had a N:P ratio of c. 2 (Fig. 4c ). After recovery was close to 100 % for all treatments on both heath types (Fig. 7a) .
381
In contrast, 7 years post-treatment on the Cassiope heath (2000), total P 15 PN recovery in the 382 high N treated plots was significantly lower than in both the control (Tukey HSD, P < 0.05)
383
and the high N+P treatments (Tukey HSD, P < 0.01) (Fig 7a) . In the sixth year of treatment 384 on the Dryas heath (1996) there was a similar pattern of effect of high N treatments, with 385 greater recovery in high N+P plots than in high N alone (Tukey HSD, P <0.05) but no 386 significant differences between the low N treatments (Fig. 7a ). This suggests that the addition 387 of high N in both heath types without concomitant addition of P caused N saturation, 388 resulting in N leakage from the system, but that this effect has not persisted. The effects of N treatment on moss physiology are strongly dependent on P availability.
507
In the early years after treatment, moss tissue N reflected N treatment irrespective of P 508 availability. In 2011 this remained the case for moss which had not received P. However, thaw). N assimilated by moss is more likely to be retained and recycled or taken up by plant 547 roots and fungal hyphae, which preferentially colonise decomposing moss.
548
Statistical considerations
549
In this study we chose to use separate ANOVA analysis at two time points to assess the 550 statistical significance of treatment effects. Our definition of "recovery" is based on 551 comparison to the control plots; where previously significant effects of treatment were 552 undetectable in 2011, we consider the vegetation to have recovered. It should be noted that,
553
even if the effect size after recovery is statistically significant, if it is small compared to the 554 effect size immediately after treatment, this could also be interpreted as recovery. However, 555 Table 3 shows that where we detect statistically significant treatment effects, often the size of 556 these effects is of similar magnitude to, or even larger than, those immediately after 557 treatment.
559
Recovery and critical loads
560
Almost two decades after just a few years' treatment of tundra heath with relatively low 561 inputs of N, the system no longer appears to be N saturated and some elements of species 562 composition have recovered. Leaf tissue N concentrations in shrubs have returned to control 563 levels, and tissue N in N-treated moss is less elevated than it was at the end of treatment.
564
Thus some components of the system are recovering. Gornall et al., 2007 Gornall et al., , 2011 Turetsky et al., 2012 -1991, 1993-6, 1998 (all above bars, the number of symbols indicating the level of significance: ^ P < 0.1, * P ≤ 0.05, ** P ≤ 31 0.01, ***P ≤ 0.001. Treatments: C = control, LN = low N, HN = high N, P = P only, LNP = low
